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INTRODUCTION 
Increment borings and other similar wounds made in the 
boles of forest trees cause a vertical discoloration of the 
sapwood. This discolored area is usually referred to as 
wound or pathological heartwood. These terms imply that the 
discolored area is sapwood turned to heartwood, although by 
an abnormal process. In most cases the sole criterion used 
to place this discolored tissue in the category of heartwood 
is the similarity in color between the two. If wound heart-
wood could be shown to be similar to normal heartwood, its 
induction would offer a new possibility for study of the 
formation of normal heartwood. The hypothesis that all heart-
wood is pathological in origin could be tested. Is heartwood, 
normal or pathological, a protection mechanism of the host 
to injury? It may be that normal and pathological heartwood 
formation are a series of basically similar reactions which 
constitute a defense reaction in trees. The object of this 
study was to undertake morphological, chemical and biological 
comparisons of sapwood, heartwood and wound heartwood and 
thereby learn the nature of the latter. 
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LITERATURE REVIEW 
All wound tissue is pathological in that it does not 
naturally appear in the tissue of a healthy, uninjured plant 
(Rumbold 1920). Hence, sapwood which has become discolored 
as a result of pathological disturbances is termed pathologi­
cal heartwood. 
Arbitrarily, two types of pathological heartwood have 
been denoted (Brown et; jal., 1949). False heartwood is a dis­
colored core of wood in species of trees which, on the basis 
of color, do not possess normal heartwood. It resembles true 
heartwood because of its central position in the trunk. Its 
presence in non-heartwood trees is denoted by a grayish-
green, brown or reddish-brown core of wood. False heartwood 
is believed to result from fungal infection (Busgen and Munch, 
1929 ; Campbell and Davidson, 1941; Jacquiot, 1947; Brown e_fc 
al., 1949; Gaumann, 1950; Raunecker, 1956), external oxidizing 
agents (Zycha, 1948; Buchholz, 1958), severe cold (Larsen, 
1943) or wounding (Paclt, 1953). The terminology which has 
developed in connection with research on false heartwood is 
voluminous and somewhat confusing. This confusion has oc­
curred because false heartwood occurs in many species of trees 
which are widely distributed throughout the world. False 
heartwood is apparently caused by many factors and hence ap­
pears in many forms, even in the same species. Necesany (1956) 
has summarized the terminology and has reconciled the many and 
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varied explanations for the cause of false heartwood. Red-
heart, brown-heart and frost-heart are the alternative titles 
most frequently used in place of the term "false heartwood." 
False heartwood of European beech has been extensively in­
vestigated, with lesser amounts of time devoted to its oc­
currence in American beech, birch, hard maple, poplar and 
ash. It is not known if false heartwood formation is similar 
to the formation of heartwood or to the formation of the 
second type of pathological heartwood, wound heartwood. One 
would expect that some similarities would occur, but the 
exact metabolic sequences probably differ from one type of 
heartwood to another. Wound heartwood can occur in trees 
which normally do not have a normal heartwood as well as in 
those that do. False heartwood, however, can occur only in 
species without heartwood. 
Studies on wound heartwood have usually been associated 
with species of trees having a central core of normal heart-
wood. The parenchymatous cells in the sapwood are killed by 
some pathological disturbance such as a physical wound or 
fungi. These cells, which under normal conditions remain 
alive, darken prematurely and simulate normal heartwood. Sever­
al workers have stated that wound heartwood is an extension 
of the normal heartwood into the sapwood (Busgen and M^nch, 
1929; Meyer and Hayward, 1936 ; Campbell, 1939; Brown e_t al. 
1949; Chattaway, 1952; Esau, 1953; Kadambi, 1954; Erdtman, 
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1955; von der Meiden, 1958; Edgren, 1959; McNabb et al., 
1959). Most of these statements have been made on the sole 
criterion that wound heartwood and normal heartwood are simi­
lar in color. As the principal purpose of this study was 
to ascertain whether or not wound heartwood is identical with 
normal heartwood, literature dealing with wound heartwood 
will be reviewed in some detail. 
The terminology which one encounters in working with 
wound heartwood is only slightly less voluminous and confus­
ing than that surrounding false heartwood. In many cases, 
particularly in the English translations of some of the older 
German studies, it is impossible to tell what the worker had 
in mind. In the older literature the terms "pathological 
heartwood**, "false heartwood" and "wound heartwood" are used 
interchangeably. Most of the other terms which are normally 
used only for false heartwood have at one time or another 
been used in place of "wound heartwood". In addition, "pro­
tection heartwood", "traumatic heartwood" and "protection 
wood" have been used to describe the darkening of the sapwood 
due to injury. 
Two approaches have been used to study wound heartwood. 
The study of natural wound heartwood has emphasized the mor­
phological and metabolic changes which occur in the conversion 
from sapwood to wound heartwood and has suggested biological 
advantages for such a conversion. The study of induced wound 
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heartwood, caused primarily by increment boring, has centered 
around the importance of these wounds as penetration courts 
for decay fungi. 
Coster (1924) noted that wound heartwood which is formed 
around a physical wound differs from sapwood by its darker 
color and by conversion of starch into wound gum. In four 
different ways he showed that wound gum is formed from the 
reserve material in dead cells through the activity of the 
still "living" wood-enzymes. It is emphasized that this 
process is different from the normal conversion of sapwood 
into heartwood which is considered the result of aging. 
Other workers who have studied natural wound heartwood 
believe that it is similar to normal heartwood (BÎisgen and 
Mlinch, 1929; Brown £t ajL., 1949; Chattaway, 1952; Erdtmann, 
1955; von der Meiden, 1958). Btisgen and Mlinch (1929) state 
that "an alteration of the wood exactly similar to this normal 
heartwood formation also occurs as a pathological phenomenon 
in the vicinity of wounds". They report that all species of 
trees where tylose formation is possible will develop tyloses 
near branch stubs or other wounds which are not sealed. 
Fungi will penetrate such wounds to varying degrees, depend­
ing on the susceptibility of the tree and the kind of fungus 
present. Such fungal penetrations are often only superficial. 
As the wood dies, a brown discoloration appears with the 
development of tyloses or independent of them "which in every 
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way corresponds to the normal formation of heartwood". These 
brown substances arise only after death of the cells as an 
oxidation product of the cell contents and as exudates from 
fungal hyphae. Although they feel that wound heartwood af­
fords a certain amount of protection against decay and further 
injury, they do not believe that the brown material secreted 
by living cells serves as a protectant against fungi. Fungi 
are credited as being effective causal agents for the forma­
tion of wound heartwood. 
Some genera of trees have no distinct transition line 
between sapwood and heartwood. The sapwood of these trees 
darkens gradually throughout its width to a central region 
that has a markedly deeper color than the wood outside. It 
may show some of the other features of heartwood but still 
contains starch and living cells. This intermediate wood may 
darken further, containing only dead ray cells free from 
starch and vessels which have become tylosed. This change 
from intermediate wood to heartwood has been investigated in 
Nothofogus cunninghamii Oerst, myrtle beech, and in Sloanea 
woollsii P. Muell., yellow carabeen (Chattaway, 1952). Since 
fungal hyphae were found within the heartwood, it was sug­
gested that such heartwood is pathological in origin. The 
ray cells are stimulated by the presence of fungal hyphae 
to a metabolic activity greater than normal. The surplus ' 
starch is converted tc« tannins and other extractives and 
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tyloses develop. Death of the cells ends these activities 
and causes changes in permeability of the protoplasm allowing 
the extractives to escape, permeate and discolor surrounding 
tissues. 
Erdtman (1955) disagrees with this theory. He believes 
formation of heartwood is directed from the cambium where 
compounds are produced, some of which are relatively stable 
end products. They are transported via vascular rays to the 
dead portions of the tree, heartwood and bark, where they 
become concentrated. Wounding of the cambium is sometimes 
accompanied by formation of wound heartwood. The cause of 
wound heartwood is unknown, but it is probable that the stimu­
lus emmanates from the cambium. The statement is made that 
"the wound heartwood of pines also contains the characteris­
tic heartwood components" but no experimental data are given 
to support such a statement. 
The second approach to the study of wound heartwood, 
the study of artificially induced discolored areas in the sap-
wood has received greater attention than the study of natur­
ally occurring wound heartwood. In most cases the wounding 
agent has been an increment borer. Extent of discoloration 
and likelihood of such wounds as entrance points for decay 
fungi have been of paramount concern. Meyer and Hayward 
(1936) studied the effect of increment boring on Douglas fir, 
reporting such boring "caused the transformation of sapwood 
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to heartwood in nearly all cases for a varying distance up­
ward and downward from the hole". The effect of borer wounds 
on ash, black cherry, hickory and oak "appeared to be chiefly 
a change of sapwood around the borer hole to heartwood" 
(Campbell, 1939). Similar discolorations have been reported 
for basswood, sugar maple, yellow birch and paper birch, but 
no comment was made regarding a transformation from sapwood 
to heartwood (Lcrenz, 1944). A more extensive study of the 
discolorations from increment borings was conducted on bass-
wood, beech, paper birch, sweet birch, yellow birch, cucumber 
tree, red maple, sugar maple, scarlet oak, white oak, pitch 
pine, shortleaf pine, white pine and yellow-poplar (Hepting 
et al., 1949). Extensive discolorations were common in the 
diffuse-porous hardwoods. These discolorations were often 
several feet in length and were generally a little wider than 
the hole. In ring-porous hardwoods discolorations from 
borings were seldom more than a few inches in length and in 
the pines were limited to pitch-soaked areas from three to 
11 inches vertically. A similar study was made on eastern 
cottonwood, green ash, Nuttall oak, sweetgum and sugarberry 
(Toole and Gammage, 1959). Neither of the latter papers con­
tained any statement to the effect that the discolored areas 
were heartwood. 
Sandal when grown in areas where indigenous forms a 
normal heartwood. Outside its natural range this species 
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does not form any heartwood or such formation is very meagre. 
It was found possible to induce a distinct core of heartwood 
by subjecting sandal to repeated injections of the plant 
hormone seradix A, zinc sulphate and copper sulphate (Kadambi, 
1954). Bole holes through the trees gave a similar result, 
but "heartwood formation is generally confined in such cases 
to the vicinity of the bore holes". Root pruning, lopping 
and mechanical blows on the surface of the trees induced 
"traces of heartwood". 
Edgren (1959) studied the effect of increment borings 
on silver maple, hard maple, white oak, black oak, black 
cherry and basswood. Vertical discoloration in hard maple 
was significantly greater if boring was done during bud break. 
The suggestion is made that wound heartwood resembles normal 
heartwood but that additional work needs to be done to clarify 
this point. Discolorations arising from borer holes in black 
cherry were strikingly similar to natural heartwood. Decay 
resistance of sapwood, heartwood and wound heartwood were 
compared by exposing small blocks of silver maple to Pholiota 
adiposa Fr. and Polyporus lucidus Leys, ex Fries. Although 
the experiment was preliminary silver maple sapwood and heart-
wood appeared similar in decay resistance while wound heart-
wood was more susceptible than either. 
Wound heartwood in silver maple was noted as the result 
of increment borings (Eslyn, 1962). Wood-moisture relation­
10 
ships of wound heartwood, measured by relative turgidity, 
paralleled those in normal heartwood formation. Wound heart-
wood "appears to become identical to normal heartwood upon 
aging" (McNabb et_ al., 1959). 
Although not heretofore connected with pathological 
heartwood, mineral stain in living hard maples and other hard­
woods may have much in common with it. Discolorations similar 
in appearance to wound heartwood regularly result from tapping 
for maple sap (Murphy, 1937). The mineral content of dis­
colored areas in hard maple is considerably greater than that 
of bright wood adjacent to the discolored wood (Scheffer, 
1954). Fungi have not been found commonly associated with 
mineral streak. The discoloration occurs mainly in the ray 
cells and vessels which ultimately contain dark globular 
masses of material. 
Recently more extensive work has been carried out on 
heartwood formation and staining in sugar maple (Good e_t al., 
1955). Heartwood formation is gradual with a few cells suc­
cumbing each year and there is a deepening of color inward 
towards the older wood. The pH, water content and mineral 
content of the wood do not change appreciably with aging. 
Discoloration associated with stained areas is due to deposits 
in the parenchyma cells which, if killed before senescence 
sets in, produce a deposit that is darker and larger than that 
produced by cells dying of old age. Stained areas are charac­
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terized by a higher pH, higher mineral and higher moisture 
content than normal wood. All cells were dead in stained 
areas. Most discolored regions were thought to be the re­
sult of fungus activity although attempts to isolate a fungus 
from such areas frequently failed. 
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MATERIALS AND METHODS 
Selection and Wounding of Trees 
An increment borer was used to induce wound heartwood 
in a diffuse porous species, Acer saccharinum L. (Silver 
Maple), a ring porous species, Quercus alba L. (White Oak), 
and a semi-ring porous species, Juglans nigra L. (Black Wal­
nut). The white oaks were growing in a mixed hardwood stand 
located on the Hoist State Forest, Frazer, Iowa (Figure 1). 
Trees 501 and 504 were sister stump sprouts (Figure 2) as 
were 513 and 514 (Figure 3). It was hoped that by using trees 
genetically identical, that variability between trees could 
be reduced. This did not prove to be true however as chemi­
cal differences between paired sprouts was as great as between 
pairs of trees. The silver maple and black walnut were lo­
cated in the Iowa State University Arboretum, Ames, Iowa. The 
silver maples were in a pure stand with the black walnut 
growing along the margin (Figure 4). 
Age, diameter, date bored and date cut were recorded for 
each tree (Table 1). Three rings of holes, 20, 40 and 60 
inches above the ground, were made in each white oak. In most 
cases the borings were drilled at a slight angle in order to 
wound more sapwood (Figure 52). Four rings of holes approxi­
mately 20, 45, 70 and 90 inches above the ground were made in 
each silver maple and black walnut. Holes were from 3 to 4 
Figure 1. White oak stand located on the Hoist State Forest, 
Frazer, Iowa 
Figure 2. White oak group 501-504 with trees 501 and 504 
removed 

Figure 3. White oak group 513-514 
Figure 4. Silver maple stand located in the Iowa State Uni­
versity Arboretum, Ames, Iowa 
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Table 1. Size, date of boring and date of cutting for each 
tree used 
Months be­
tween bar-
Tree DBH Age Date Date ing and 
Species number (inches) (years) bored cut cutting 
513 7 27 10 May 1962 13 Sept. 1962 4 
White 514 5f 26 10 May 1962 27 Sept. 1962 
oak 
504 8 25 31 May 1961 13 June 1962 12i 
501 8 25 30 Apr. -1961 24 July 1962 15 
597 8 30 31 May 1962 30 Sept. 1962 4 
Silver 600 7 27 22 May 1962 20 Sept. 1962 4 
Maple 
596 10 23 1 June 1961 17 July 1962 13^ 
598 12t 34 1 June 1961 6 Aug. 1962 14 
Black 29 6 j 12 22 May 1962 30 July 1962 2 
walnut 21 5f 15 9 May 1962 23 Sept. 1962 4f 
inches apart and penetrated the outer heartwood. All boles 
were left unplugged and untreated. 
Wound heartwood of two age classes, 4 months and 13 to 
15 months, was investigated in white oak and silver maple. 
Only the former age class, 2 to 4 months, was utilized for 
black walnut. Each species and each age group were represent­
ed by two trees. Sample trees were felled and cut into bolts 
two feet in length with a ring of holes in the center. Ends 
of the bolts were immediately wrapped in heavy aluminum foil 
or sprayed with aluminum paint to prevent moisture loss. 
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Criteria Used to Distinguish between Different 
Wood Types 
As the purpose of this study was to compare wound heart-
wood with normal heartwood and sapwood, criteria for the 
separation of heartwood and sapwood were established. Heart-
wood is defined as the woody tissue extending from the pith 
to the sapwood and no longer participating in the life proces­
ses of the tree. Sapwood is the usually light-colored zone 
of wood next to the bark actively involved in the life proces­
ses of the tree, water movement and food storage (Forest 
Products Laboratory, 1958). The majority of workers stress 
color, and presence or absence of living cells, tyloses and 
starch grains as the important features distinguishing sap-
wood from heartwood (Chattaway, 1952 ; Forest Products Labora­
tory, 1961). As long as all these features are used together, 
errors are avoided; but when they are used separately, diffi­
culties arise. Color is the feature most frequently used, 
although it is highly variable. Color is affected by the 
moisture content of the wood, the length of time it has been 
exposed to air and other purely physical conditions unrelated 
to the sapwood-heartwood change. Starch is never found in 
more than trace amounts in heartwood tissue, but, because of 
physiological demands of the tree, may not always be present 
in sapwood. Heartwood of many species of trees is character­
ized by the presence of tyloses (Forest Products Laboratory, 
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1961), but they can occur in the sapwood of any species in 
which they are, a feature of the heartwood (Gerry, 1914). 
Traditionally, presence or absence of living cells capable 
of active metabolism has been thought the single, most reli­
able criterion for the separation of sapwood and heartwood. 
Considerable work, however, is necessary to determine if all 
the cells are dead and hence this criterion has not been widely 
applied. In addition, living cells have been found in tissue 
possessing all the other characteristics of normal heartwood 
(MacDougal and Smith, 1927 ; Good and Nelson, 1951). 
Criteria for the separation of heartwood and sapwood 
were divided into three categories; morphological, chemical 
and biological. Morphological comparisons were the four 
traditional criteria previously discussed; color, and the 
presence or absence of living cells, starch grains and tyloses. 
Chemical comparisons were chosen in which previous reports 
have shown consistent differences between sapwood and heart-
wood, and from which biologically significant information could 
be gained. The only exception was the inclusion of 1 per cent 
caustic soda solubility. Wound heartwood of all three species 
appeared to be weaker than the surrounding sapwood and heart-
wood. This weakness might be attributable to decay. As wood 
decays, percentage of alkali-soluble material increases. The 
fungal flora of each wood type was the only biological com­
parison conducted. 
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Heartwood was considered to be the darker tissue in the 
center of each tree. Sapwood was the lighter tissue between 
the heartwood and the bark. Wound heartwood was the discolored 
area above and below borer holes which had been sapwood pre­
vious to wounding. The sapwood and heartwood used were col­
lected as close to the wound heartwood as was feasible. 
Morphological Comparisons 
Color 
Colors were determined by comparisons of freshly cut and 
air-dried samples of heartwood and wound heartwood with the 
color plates in A Dictionary of Color (Maerz and Paul, 1930). 
All color matches were made under the clear light of a north 
sky. The wood sample was placed next to the appropriate page 
of the Dictionary on the same plane. A piece of black card­
board 4 inches square with two openings, 1 by 5/8 and 5/8 by 
2* inch, was utilized to conceal surrounding colors, bring 
into immediate focus the single color to be examined and re­
strict the area being compared. The small opening was placed 
on the wood while different color blocks of the Dictionary 
were observed through the larger opening. In some cases 
mottling made it difficult to assign the wood to a particular 
color block and in other cases two or more color blocks seemed 
to match equally well. Other color features, such as grada­
tion in color from one area to another, were noted and recorded. 
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Presence of living cells 
Detection of living cells was attempted by two methods; 
use of neutral red as a vital stain followed by plasmolysis 
(Good and Nelson, 1951 ; Good £t aJL., 1955) and triphenyl 
tetrazolium chloride (TTC). The neutral red-plasmolysis 
method was attempted as described (Good and Nelson, 1951) and 
with various modifications. Sections of 28 to 40 ju in thick­
ness, concentrations of 6 ppm to 25 ppm of stain, prestaining 
small blocks with the same range of concentrations before 
sectioning, and staining periods of 2 to 24 hours did not 
give reproducible results with either white oak or silver 
iriaple. Some cells known to be dead accumulated the stain and 
other stained cells thought to be alive could not be plas-
molyzed. In a few cases staining seemed to be confined to 
cells thought to be alive and plasmolysis was possible. A 
0.6 M solution of sodium and calcium chlorides, and 1.0 M 
and 3.0 M solutions of sodium chloride were used as plasmo-
lyzing agents. 
Radial sections, 28 to 40 p in thickness, were first em­
ployed in attempts to use TTC as a vital stain. Little or 
no staining resulted. Successful staining was obtained when 
small, freshly cut blocks were treated for 12 hours in 1.0 
per cent TTC before sectioning. Radial sections of 30 p were 
then cut and examined. 
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Amount and distribution of tyloses and gums 
Presence or absence of tyloses has been used frequently 
to differentiate between sapwood and heartwood, particularly 
under field conditions (Cummins, 1936 ; Chowdhury, 1942). 
Transverse sections of fresh wood, approximately 20 to 60 ju 
in thickness, were cut on a sliding microtome. Each section 
was soaked in 1 per cent sodium hydroxide for a few minutes 
to remove gum artifacts reported to resemble tyloses so close­
ly as to mislead experienced observers (Chattaway, 1949). 
Sections were mounted in water or 50 per cent glycerin, ob­
served under the microscope and, when illustrative, photo­
graphed. Both inner and outer sapwood and wound heartwood 
were examined at various horizontal and vertical distances 
from the borer holes. 
Presence of starch grains 
For observations pertaining to the presence or absence 
of starch, radial sections, 20 to 30 ji in thickness were cut 
from fresh wood on the sliding microtome. Each section was 
placed in a 70 per cent ethanol solution containing 1 per cent 
iodine-potassium iodide. An aqueous IKI reagent was tried 
initially, but gave poor results. 
Chemical Comparisons 
Moisture analyses 
The sections used in moisture determinations were ob­
tained by sawing inch disks out of the center of the 2-foot 
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bolts just above or below the ring of borer holes. A disk 
with heartwood in the center surrounded by sapwood with spokes 
of wound heartwood running from the outer margin of the heart-
wood to the cambium was obtained. Five samples of each wood 
type approximately 1 inch radially and ^ inch tangentically 
were cut as quickly as possible from these disks and put im­
mediately into tared, stoppered weighing bottles. In the case 
of the white oaks the bolts had to be transported some dis­
tance, but in no case did more than 2 hours elapse between 
cutting of the tree and preparation of the sample. Every pre­
caution was taken to avoid water loss prior to the first 
weighing. Samples were dried for 48 hours at 105 t 3° C, 
cooled in a desiccator and weighed to the nearest milligram. 
Moisture content was expressed as percentage dry weight. 
Reaction to FeCls solution 
A 10 per cent ferric chloride solution was applied to 
freshly cut disks exhibiting all three wood types. Ferric 
chloride reacts with tannins causing the wood to turn a bluish 
black, (Btisgen and M (inch, 1929 ; Chattaway, 1952). 
Preparation of test samples for solubility and ash analyses 
The same procedure was used for preparation of wood 
samples for all solubility and ash analyses (Technical Associ­
ation of Pulp and Paper Industry, 1959c). Disks ^ inch in 
thickness were cut from the boles just above and below the 
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borer holes. Spokes of wound heartwood were removed with a 
chisel from each disk. The remaining sapwood and heartwood 
were cut in strips approximately % inch in width. Any materi­
al with saw burns, knots or other irregularities was dis­
carded. The wood was air-dried thoroughly. Each sample was 
ground in a large Wiley mill and transferred to a smaller 
Wiley mill fitted with a 40-mesh screen. Care was taken not 
to allow the mills to heat the material appreciably during 
grinding. Each sample was placed in an air-tight container 
from which portions could be withdrawn for analysis as desired. 
Prepared samples were exposed to atmospheric conditions for 
a period before analysis to minimize changes in moisture con­
tent during subsequent handling and weighing operations. 
The percentage of moisture-free wood was required for 
all samples used in the solubility tests. Two specimens of 
approximately 2 g each were placed in tared weighing bottles. 
Sample and bottle were weighed, dried at 105 t 3° C for 24 
hours, cooled in a desiccator and reweighed. The percentage 
of moisture-free wood was calculated for each sample and the 
average of these two figures was taken as the percentage of 
moisture-free wood for the remaining material. 
Particle size to which wood should be reduced for the 
purpose of chemical analysis has been the subject of differ­
ences of opinion, and complete agreement with respect to the 
most suitable size has not yet been reached. There are two 
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viewpoints (Technical Association of Pulp and Paper Industry, 
1959c). 
According to the first viewpoint, the wood sample should 
be ground to pass a 40-mesh screen and no further fractiona­
tion of the material should be permitted. Particles of 40-
mesh and smaller are readily attacked by the reagents used 
in present analytical methods and finer grinding may degrade 
the wood. Furthermore, for certain analyses, the fine ma­
terial should not be discarded because fractionation of the 
wood meal may alter the proportion of some constituents and, 
hence, lead to erroneous results. 
The alternative opinion is that wood samples should be 
of fairly uniform particle size. Various ranges of particle 
size have been chosen as optimum, the one now most favored 
being that passing a 40- and retained on a 60-mesh screen. 
After consultation with several of the wood chemists at the 
Forest Products Laboratory, Madison, Wisconsin, the former 
viewpoint was adopted for this study. 
Sieve analyses 
All particles in the samples used for solubility and ash 
determinations had passed through a 40-mesh screen. Sieve 
analyses were run on all samples after grinding because of 
the possibility that the different wood types when ground in 
the Wiley mill would produce different fractions of particles 
in the smaller range sizes (Technical Association of Pulp and 
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Paper, 1954). A 10-gram sample was taken from the air-dried, 
ground material for each sieve analysis. A set of sieves 
with 35-, 60-, 80- and 100-mesh screens were assembled in 
the order listed. Each sieve was vibrated for 4 minutes. 
During the screening process, no portion of the sample was 
manipulated by hand. Portions of the sample retained between 
screens and undersized particles were weighed to the nearest 
milligram. The percentage retained on each screen and the 
percentage passing the 100-mesh screen were calculated to 
the nearest 0.1 per cent. 
Ash analyses 
The ash content of wood is defined as the residue re­
maining after ignition at 580 t 20° C for three hours or 
longer if necessary in order to burn off all carbon. Ash con­
tent is a measure of mineral salts in the wood, but not neces­
sarily quantitatively equal to them (Technical Association of 
Pulp and Paper Industry, 1958). The procedure used in this 
study was the Standard Method of Test for Ash in Wood (Ameri­
can Society for Testing Materials, 1956a). 
Empty porcelain crucibles of 50 ml capacity were ignited 
in an electric muffle furnace fitted with an indicating pyro­
meter. The crucibles were cooled to room temperature in a 
desiccator containing indicating-grade Driete^ and weighed 
to the nearest 0.1 mg. Approximately 2 g of each test speci­
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men were placed in a crucible and dried at 105 t 3° C with 
the crucible cover removed. After 24 hours the cover was re­
placed and both were cooled in the desiccator. The weight 
to the nearest 0.1 mg was then recorded. Samples were run 
in duplicate for each wood type for trees 501, 514, 597, 598 
and 21 and in triplicate for trees 504, 513, 596, 600 and 29. 
The crucibles, with covers removed, were placed in the 
muffle furnace and ignited. At the start they were heated 
slowly to avoid flaming and protected from strong drafts to 
avoid mechanical loss of the test sample. Final ignition 
temperature was 580 to 600° C. Care was taken to avoid heat­
ing above this maximum. After three hours the crucibles, with 
covers replaced, were cooled in the desiccator and weighed 
to the nearest 0.1 mg. The percentage of ash, based on the 
weight of the moisture-free wood, was calculated and reported 
to two decimal places. 
Solubility in cold water 
Determinations of cold-water solubility provide a measure 
of the organic salts, sugars, gums, pectin-like materials, 
tannins and pigments in the wood (American Society for Test­
ing Materials, 1956c; Technical Association of Pulp and Paper 
Industry, 1959a). The method used in this study, with slight 
modification, was Standard Method T 1 m-59 (Technical Associ­
ation of Pulp and Paper Industry, 1959a). 
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From air-dried material, ground to pass a 40-mesh screen, 
samples equivalent to 2 t 0.1 g of moisture-free wood were 
weighed to the nearest milligram. Each sample was placed in 
a 400 ml beaker, covered with 300 ml of distilled water and 
digested at a temperature of 23 I 2° C with frequent stirring 
for 48 hours. "The material was transferred to a tared, 
fritted glass, filtering crucible of coarse porosity, and 
washed with cold distilled water. The crucibles were placed 
in a funnel with a rubber flange which fit into a suction fil­
ter flask. The samples were dried at 105 Î 3° C for 24 hours, 
placed in a tared, stoppered weighing bottle and cooled in 
a desiccator over indicating-grade Driete^. The stopper was 
momentarily removed to let in air, then replaced and the bottle 
weighed. The percentage of material dissolved was calculated 
and reported to the nearest 0.1 per cent based on the moisture-
free wood. Samples from two white oaks and two silver maples, 
one containing wound heartwood in each age class, were analysed. 
Both black walnuts were tested. Samples were run in quad­
ruplicate for trees 504, 513, 596, 600 and 29 and in duplicate 
for tree 21. 
Solubility in hot water 
Hot water, as well as dissolving the same materials as 
cold water, hydrolyzes some of the polysaccharides and other 
components. This test provides a measure of starches in the 
wood (American Society for Testing Materials, 1956c ; Technical 
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Association of Pulp and Paper Industry, 19 59a). The method 
used in this study, with slight alteration, was Standard 
Method T 1 m-59 (Technical Association of Pulp and Paper In­
dustry, 1959a). 
From air-dried material, ground to pass a 40-mesh screen, 
samples equivalent to 2 t 0.1 g of moisture-free wood were 
weighed to the nearest milligram. Each sample was placed in 
a 225 ml Erlenmeyer flask to which was added 100 ml of dis­
tilled water. The flask was attached to a reflux condenser 
and placed in a boiling-water bath with its level maintained 
constantly above the 100 ml level. The specimen was digested 
for three hours; transferred to a tared, fritted glass, fil­
tering crucible of medium porosity; washed with hot water; 
filtered and dried for 24 hours at 105 t 3°C. The crucible 
and contents were placed in a tared, stoppered, weighing bot­
tle and cooled in a desiccator over indicating-grade Driete&. 
After the stopper was momentarily removed to let in air, 
crucible, sample and bottle were weighed. The percentage of 
material dissolved was calculated and reported to the nearest 
0.1 per cent based on moisture-free wood. Samples from two 
white oaks and two silver maples, one containing wound heart-
wood in each age class, were analyzed. Both black walnuts 
were tested. Samples were run in quadruplicate for trees 504, 
513, 596, oOO and 29 and in duplicate for tree 21. 
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Solubility in 1 per cent caustic soda 
Much of the wound heartwood appeared to be weaker than 
the surrounding tissue, possibly due to decay. As wood de­
cays, the percentage of alkali-soluble material increases 
(American Society for Testing Materials, 1954b; Technical 
Association of Pulp and Paper Industry, 1959b). Solubility 
in 1 per cent caustic soda was therefore included to deter­
mine the degree of fungus decay that had taken place in a 
given wood sample. The method used, with slight modification, 
was Standard Method T 4 m-59 (Technical Association of Pulp 
and Paper Industry, 1959b). 
From air-dried material, ground to pass a 40-mesh screen, 
samples equivalent to 2 1 0.1 g of moisture-free wood were 
weighed to the nearest milligram. Each sample was placed in 
a 200 ml tall-form beaker to which was added 100 ml of 1 Î 0.1 
per cent NaOH solution. The mixture was stirred well before 
the beaker was placed in a boiling water bath and covered 
with a watch glass. The water bath was designed so the tem­
perature of the material during treatment was uniformly main­
tained at 97 to 100° C. Water level in the bath was kept 
above the level of the liquid in the beaker. Therefore, the 
sides of the beaker were always surrounded by boiling water 
or steam. The specimen was digested for exactly 1 hour and 
received a three-second stir at periods of 10, 15 and 25 
minutes after being placed in the bath. The contents of each 
31 
beaker were filtered by suction on a tared, fritted glass, 
filtering crucible of medium porosity. The specimen was 
washed briefly with hot water, with 50 ml of 10 per cent acetic 
acid and thoroughly with hot water. The crucible and contents 
were dried for 24 hours at 105 t 3° C» placed in a tared, 
stoppered, weighing bottle and cooled in a desiccator. After 
the stopper was momentarily removed to let in air, crucible, 
sample and bottle were weighed. The percentage of material 
dissolved was calculated and reported to the nearest 0.1 per 
cent based on moisture-free wood. Samples from two white oaks 
and two silver maples, one containing wound heartwood in each 
age class, were analyzed. Both black walnuts were tested. 
Samples were run in quadruplicate for trees 504, 513, 596, 
600 and 29 and in duplicate for tree 21. 
Determination of pH 
When pH indicates are applied to the sapwood and heartwood 
of many species of trees, contrasting colors are produced, (For­
est Products Laboratory, 1954; Forest Products Board, 1957 ; 
Kutscha and Sachs, 1962). Acid-base indicators used, their pH 
range and their acidic and basic colors are given (Table 2). 
A 0.1 per cent aqueous solution of each indicator was applied 
to freshly cut disks of the three wood species containing sap-
wood, heartwood and wound heartwood. 
For comparative purposes, differences in pH values were 
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more accurately determined by establishing the pH of the cold 
and hot water filtrates. Determinations were made with a 
Beckman pH meter, model 96. These values do not represent 
the true pH of the respective woods as they were influenced 
by the pH of the distilled water used, 6.2-6.3. 
Table 2. Acid-base indicators used to detect differences in 
pH in the sapwood, heartwood and wound heartwood 
of white oak, silver maple and black walnut 
Indicator PH range Acid color Basic color 
Methyl violet 0.2 - 3.2 yellow violet 
Methyl orange 3.1 - 4.4 red yellow 
Bromphenol blue 3.0 - 4.6 yellow blue 
Bromcresol green 4.0 - 5.6 yellow blue 
Methyl red 4.3 - 6.1 red yellow 
Biological Comparisons 
Although fungi have been credited with being causal agents 
of wound heartwood (Busgen and Munch, 1929; Chattaway, 1952) 
or as causing part of the discoloration (Toole and Gammage, 
1959), the evidence against fungi as primary causes of wound 
heartwood seems more convincing (Lorenz, 1944; Roth, 1950; 
Toole and Gammage, 1959). In addition, formation of wound 
heartwood has been suggested as a protective mechanism against 
decay fungi. 
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To test these hypotheses, chips of sapwood, heartwood 
and wound heartwood were taken from the surface of freshly-
cut disks. Eight chips from each wood type from each tree 
except white oak tree 504 were utilized. Four of the chips 
were surface sterilized with 95 per cent ethanol and four 
were plated directly. Two of the unsterilized chips were 
plated on 0.5 per cent potato dextrose agar (PDA) and two were 
plated on 0.5 per cent PDA with 33 ppm rose bengal. A simi­
lar arrangement was followed for the surface-sterilized ma­
terial. Plates were incubated at 23 Î 3° C and examined 
after 10 and 20 days. Subcultures were made of fungi growing 
from two or more chips taken from one tree. 
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RESULTS 
Morphological Comparisons 
Color 
The heartwood of white oak most nearly matched color 
block 14 F 7 in Maerz and Paul's A Dictionary of Color (1930). 
Wound heartwood varied from 15 C 9 and 15 H 12 to 8 L 11 
(Figures 5 and 6). It was much darker in color than the heart -
wood when both were wet and slightly darker when both were 
dry. On drying, both lightened in color intensity. The 
heartwood was made of alternating dark and light circles while 
the wound heartwood was almost uniform in coloration. Dis­
coloration due to boring was darkest nearest the bark and 
faintest next to the heartwood coinciding with previous re­
ports (Edgren, 1959). The color of the wound heartwood 1 inch 
vertically removed from the borer wound was more the color of 
normal heartwood. Darkening of normal color surrounding the 
borer holes occurred in the heartwood but was rarely visible 
more than one centimeter from the hole. This discoloration 
is probably due to the leaching of wound heartwood pigments 
through the borer hole. A similar discoloration due, to the 
movement of pigments from the wound heartwood into the sapwood 
after cutting was also noted (Figure 6). A dark discoloration 
resembling that associated with infection by the oak wilt 
organism, Ceratocystis fagacearum (Bretz) Hunt, was observed 
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between the spokes of wound heartwood in early wood vessels 
of the annual ring functional at the time of boring (1961) 
in white oak tree 504 (Figure 6). This was not observed in 
any of the other oaks, silver maples or black walnuts. This 
phenomenon (Edgren, 1959) and what appeared to be a similar 
discoloration in sugar maple (Good, et_ jal., 1955) were prob­
ably shock reactions caused by physical wounding. The remain­
der of the annual ring formed at the time of boring was 
locally discolored and, particularly just outside the wound, 
was much wider than other recent growth increments. Width 
growth of the annual ring 3-4 inches below the borer wounds 
closely resembled that of recent years. Apparently wounding 
acted only as a local stimulant to growth. A similar phenom­
enon has been reported for spruce (Schopfer, 1961). Vertical 
discoloration both above and below the borer holes extended 
for only 1-2 inches while early wood vessels between spokes 
were discolored for many feet in tree 504. 
The heartwood of silver maple most nearly matched color 
block 12 C 8, but 13 A 7 and 13 C 8 were also good matches on 
occasion. Although the wound heartwood was very variable in 
color and texture, 15 C 7/8 matched it most consistently. In 
general, heartwood was a red-tan while the wound heartwood 
appeared a darker grey-brown (Figures 7 and 8). Spokes of 
wound heartwood have a dark central area next to the heartwood 
surrounded by a lighter, grayer area approximately 0.5 cm 
Figure 5. Freshly cut disk from white oak tree 504 showing 
spokes of wound heartwood 
Figure 6. Air-dried disk from white oak tree 504 showing 
spokes of wound heartwood, discolored early wood 
vessels (A), and discoloration due to the move­
ment of pigments from the wound heartwood into 
the sapwood after cutting (B) 
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Figure 7. Freshly cut disk of silver maple showing spokes 
of wound heartwood 
Figure 8. Freshly cut disk of silver maple showing a spoke 
of wound heartwood slightly enlarged; note dark 
central area next to heartwood surrounded by a 
lighter margin 
=9 mm# ."«M# 
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wide. A green line frequently occurred at the sapwood-wound 
heartwood interface, particularly along the outer portion of 
the spoke. A similar green border was noticed around "natur­
al" wound heartwood areas and sometimes between the sapwood 
and heartwood. Microscopic examination showed the green color 
was a pigment in the fiber cell walls. Color differences with­
in wound heartwood spokes and between wound heartwood and 
normal heartwood lessened on drying. No attempt was made to 
measure accurately the vertical extent of discoloration, but 
it appeared to be at least 1 foot in most cases. 
Areas of "natural" wound heartwood were frequently ob­
served in silver maple (Figures 9 and 10). These areas were 
scattered irregularly throughout the sapwood and were fre­
quently partially or wholly surrounded by "induced" wound 
heartwood. The color of areas of "natural" wound heartwood 
tended to be lighter than the "induced" wound heartwood but 
the color patterns were similar. Both wound heartwoods con­
tained a dark central area surrounded by a light margin ap­
proximately 0.2 mm in width. A green line was often observed 
on the outer edge of the light margin. These areas of 
"natural" wound heartwood were probably caused by previous 
physical wounds. 
The color of black walnut wound heartwood varied greatly 
depending upon how far away from the wounded area the observa-
Figure 9. Freshly cut disk of silver maple showing a circu­
lar area of "natural" wound heartwood within a 
spoke of "induced" wound heartwood 
Figure 10. Freshly cut disk of silver maple showing a cir­
cular area of "natural" wound heartwood adjacent 
to a spoke of "induced" wound heartwood; note 
dark central area and lighter margin of "natural" 
wound heartwood 
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tion was made, how long the tissue had been exposed to the 
air and the moisture content of the wood on exposure. Heart-
wood varied from 13 B 2, a light grey-brown, to 8 H 10, a 
chocolate. Wound heartwood varied from 15 A 4, a medium 
grey-brown, to 48 L 9, a dark brown. The color of wound 
heartwood varied from being almost identical to being much 
darker than the heartwood (Figures 11 and 12). Both darkened 
on exposure to air. If a transverse surface was exposed soon 
after felling when the moisture content was still high, both 
heartwood and wound heartwood darkened equally on drying. If 
a disk only an inch thick was allowed to dry slowly for several 
days and was then split transversely, the heartwood and wound 
heartwood were nearly the same color and only a slight deep­
ening of color resulted. Wound heartwood 1 inch from the 
borer hole resembled heartwood in color more closely than that 
5 to 6 inches vertically removed. Each spoke of wound heart-
wood was usually surrounded by a narrow white border and was 
frequently the darkest in the center of the spoke next to the 
heartwood. Color differences within spokes decreased on dry­
ing. Vertical extent of discoloration was intermediate between 
white oak and silver maple, approximately 8-10 inches. 
Presence of living cells 
Use of 6 ppm neutral red sometimes gave good results ; 
the ray cells stained red and could be plasmolyzed in some 
Figure 11. Freshly cut disk of black walnut showing spokes 
of wound heartwood 
Figure 12. Air-dried disk of black walnut showing spokes 
of wound heartwood 
- - 2E5t1E ww -yar»--* • 
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cases (Figure 13). Occasionally, however, cells known to be 
dead accumulated the stain (Figure 14). 
Small blocks stained with TTC before sectioning gave 
good differentiation between living and dead cells. TTC is 
changed to a red color by the dehydrogenases present in liv­
ing cells. Most of the ray and xylem parenchyma cells in 
white oak sapwood stained red (Figure 15). No living cells 
were found in either the heartwood or the wound heartwood 
(Figures 16 and 17). Ray cells of silver maple sapwood stained 
red (Figure 18) while those in the heartwood and wound heart-
wood exhibited no staining (Figures 19 and 20). Ray and xylem 
parenchyma cells stained red in black walnut sapwood (Figure 
21) while those cells never appeared red in the heartwood (Fig­
ure 22). Three ray cells in the wound heartwood of tree 29 
stained red and were assumed to be alive. Many sections were 
examined but only these three cells were found to be stained. 
Globules of red-stained material were found in a few fibers 
(Figure 24). The cause of this staining is unknown. 
Amount and distribution of tyloses and gums 
Early wood vessels in the most recent annual ring of 
white oak were devoid of tyloses (Figure 25). Tyloses occurred 
in approximately 10 per cent of the early wood vessels in a 
20 ju-thick section of the second annual ring inward from the 
cambium. Tyloses were numerous in the four or five annual 
rings next to the heartwood (Figure 26). Tyloses were abun -
Figure 13. Radial section of white oak sapwood stained with 
6 ppm neutral red; note accumulation of stain in 
ray parenchyma (34p in thickness, 160x) 
Figure 14. Radial section of white oak wound heartwood stained 
with 6 ppm neutral red; note accumulation of stain 
in some of the ray parenchyma (34jj in thickness, 
160x) 
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Figure 15. Radial section of white oak sapwood stained with 
1.0 per cent TTC; living cells stained red (30p 
in thickness, 160x) 
Figure 16. Radial section of white oak heartwood stained 
with 1.0 per cent TTC; note lack of living cells 
(30jj in thickness, I60x) 
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Figure 17. Radial section of white oak wound heartwood 
stained with 1.0 per cent TTC; note lack of 
living cells and large quantities of gum in the 
ray parenchyma (30jj in thickness, 160x) 
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Figure 18. Radial section of silver 
maple sapwood stained with 
0.1 per cent TTC; living 
cells stained red (30ju in 
thickness, 160x) 
Figure 19. Radial section of silver 
maple heartwood stained 
with 1.0 per cent TTC ; 
note lack of living cells 
(30p in thickness, 160x) 

Figure 20. Radial section of silver maple wound heartwood 
stained with 1.0 per cent TTC; note lack of 
living cells and gum in the ray parenchyma (30 JJ 
in thickness, 160x) 
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Figure 21. Radial section of black 
walnut sapwood stained 
with 1.0 per cent TTC ; 
living cells stained red 
(30p in thickness, 160x) 
Figure 22. Radial section of black 
walnut heartwood stained 
with 1.0 per cent TTC; 
note lack of living cells 
and tyloses in vessel 
(30p in thickness, 160x) 
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Figure 23. Radial section of black walnut wound heartwood 
stained with 1.0 per cent TTC; note lack of 
living cells and gum in ray parenchyma (30 p in 
thickness, 160x) 
Figure 24. Radial section of black walnut wound heartwood 
stained with 1.0 per cent TTC ; note globules of 
red-stained material in fiber (30 p in thickness, 
160x) 
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Figure 25. Transverse section of white oak sapwood; note 
lack of tyloses (60 ju in thickness, 60x) 
Figure 26. Transverse section of white oak sapwood; note 
presence of tyloses (40 p in thickness, lOOx) 
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dant in the heartwood (Figure 27). The distribution of tylos­
es in wound heartwood was similar to that of sapwood, being 
rare in the outer annual ring and common in the others (Fig­
ure 29). Death of the ray parenchyma is probably too rapid 
for development of tyloses in the outer annual ring and ty­
loses are present in the other rings normally. Early wood 
vessels in the most recent annual ring, when adjacent to wound 
heartwood, were found to contain numerous tyloses (Figure 28). 
The ray parenchyma surrounding these vessels remained alive 
but received a stimulus from wounding causing the production 
of tyloses » In most cases these tyloses extended only a few 
millimeters laterally, but all the discolored vessels between 
spokes of wound heartwood found in tree 504 contained abundant 
tyloses. Gum deposits occurred in much larger quantities in 
the ray parenchyma of wound heartwood than in normal heartwood 
(compare Figures 16 and 17). 
Only one gum plug was found in the sapwood of silver 
maple (Figure 30). Gum plugs were common in the heartwood 
(Figure 31) but seldom occurred in the wound heartwood (Fig­
ure 32). When they did occur in wound heartwood, they were 
found in groups of five to ten vessels in a limited area 
(Figures 33 and 34). The ray parenchyma of wound heartwoods 
contained abundant quantities of gum (Figure 35) while these 
same cells in heartwood were practically devoid of gum (com­
pare Figures 19 and 20). 
Figure 27. Transverse section of white oak heartwood; note 
presence of tyloses (60 p in thickness, 6Ox) 
Figure 28. Transverse section of white oak; wound heartwood 
(left half) - sapwood (right half); note lack of 
tyloses in the wound heartwood and their presence 
in sapwood (60 p in thickness, 6Ox) 
65 
Figure 29. Transverse section of white oak wound heartwood; 
note presence of tyloses (40 ji in thickness, lOOx) 
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Figure 30. Transverse section of silver maple sapwood; note 
absence of gum plugs (20 ju in thickness, lOOx) 
Figure 31. Transverse section of silver maple heartwood; note 
presence of gum plugs (40 p in thickness, lOOx) 
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Figure 32. Transverse section of silver maple wound heart-
wood; note lack of gum plugs (40 p in thickness, 
lOOx) 
Figure 33. Transverse section of silver maple wound heart-
wood; note presence of gum plugs (40 p in thick­
ness, lOOx) 

Figure 34. Radial section of silver maple wound heartwood; 
note presence of gum plugs in vessels (30 p in 
thickness, 160x) 
Figure 35. Radial section of silver maple wound heartwood; 
note presence of gum deposits in ray parenchyma 
(30 p in thickness, 160x) 
i : ;rr) f 'ii 
- ; v waa -mM 
IUF* 1*111» 
IN iSfc*J 
a 4 it e = 
74 
Tyloses seldom occurred in the sapwood of black walnut 
(Figure 36) except in the innermost annual ring where they 
were common. They were common in the heartwood (Figures 22 
to 37) but occurred infrequently in the wound heartwood (Fig­
ure 38). A few, however, were found (Figure 39). Gum de­
posits were somewhat more common in ray parenchyma of wound 
heartwood than in heartwood (compare Figures 22 and 23). 
Presence of starch grains 
Starch grains could be detected by their distinct purple 
color after treatment with IKI. They were found to be abun­
dant in the ray and xylem parenchyma of white oak sapwood 
(Figure 40). They were not present in the heartwood (Fig­
ure 41) and were seldom encountered in the wound heartwood 
(Figure 42). A few scattered ray cells, usually in the broad 
rays, contained from one to many starch grains (Figure 43). 
A similar pattern was found to exist for silver maple 
and black walnut. In sapwood, starch grains were numerous 
in the ray parenchyma of silver maple (Figures 44 and 45) and 
in ray and xylem parenchyma of black walnut (Figures 48 and 
49). They were not found in either heartwood (Figures 46 and 
50) or wound heartwood (Figures 47 and 51). 
Chemical Comparisons 
Moisture analyses 
The arithmetic mean and its sample standard error were 
Figure 36. Transverse section of black walnut sapwood; note 
absence of tyloses (40 in thickness, lOOx) 
Figure 37. Transverse section of black walnut heartwood; note 
presence of tyloses (40 p in thickness, 100x) 
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Figure 38. Transverse section of black walnut wound heart 
wood; note lack of tyloses (60 p in thickness, 
lOOx) 
Figure 39. Transverse section of black walnut wound heartwood; 
note presence of tyloses (60 jj in thickness, 43Ox) 
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Figure 40. Radial section of white oak sapwood stained with 
IKI; note starch grains in ray and xylem parench­
yma (30 ]x in thickness, 160x) 
Figure 41. Radial section of white oak heartwood stained 
with IKI; note lack of starch grains in ray and 
xylem parenchyma (30 jj in thickness, 430x) 
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Figure 42. Radial section of white oak wound heartwood 
stained with IKI; note absence of starch grains 
in ray and xylem parenchyma (30 p in thickness, 
430x) 
Figure 43. Radial section of 
stained with IKI; 
in ray parenchyma 
white oak wound heartwood 
note presence of starch grains 
(30 p in thickness, 430x) 
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Figure 44. Radial section of silver maple sapwood stained 
with IKI; note presence of starch grains in ray 
parenchyma (20 p in thickness, 400x) 
Figure 45. Radial section of silver maple sapwood stained 
with IKI; note presence of starch grains in 
ray parenchyma (20 p in thickness, 430x) 
m&mamEem ^  
Figure 46. Radial section of silver maple heartwood stained 
with IKI; note lack of starch grains (20 p in 
thickness, 430x) 
Figure 47. Radial section of silver maple wound heartwood 
stained with IKI; note lack of starch grains 
(20 p in thickness, 430x) 

Figure 48. Radial section of black walnut sapwood stained 
with IKI; note presence of starch grains in ray 
and xylem parenchyma (20 p in thickness, 400 x) 
Figure 49. Radial section of black walnut sapwood stained 
with IKI; note presence of starch grains in ray 
and xylem parenchyma (20 in thickness, 430x) 

Figure 50. Radial section of black walnut heartwood stained 
with IKI; note lack of starch grains in ray and 
xylem parenchyma (20 p in thickness, 43Ox) 
Figure 51. Radial section of black walnut wound heartwood 
stained with IKI; note lack of starch grains in 
ray and xylem parenchyma (20 ju in thickness, 
430x) 
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calculated from the values obtained ."or each of the five 
samples for each wood type. Significant differences between 
means of each tree were determined by t_ tests. Moisture 
content of white oak heartwood was significantly lower than 
that of either sapwood or wound heartwood (Tables 3 and 4). 
Sapwood contained less moisture than the wound heartwood. 
Wound heartwood tended to be more variable in moisture con­
tent than either of the other two wood types. 
Table 3. Moisture content of the sapwood, heartwood and 
wound heartwood of white oak (per cent of dry 
weight) 
Sapwood Heartwood Wound heartwood 
Average Sample Average Sample Average Sample 
percent- stand- percent- stand- percent- stand-
age dry ard age dry ard age dry ard 
Tree weight devia- weight devia- weight devia-
number tion tion tion 
513 62.2 1.0 57.6 1.9 77.8 4.1 
514 60.2 0.3 55.5 3.4 75.0 4.7 
504 65.0 1.8 56.3 3.2 78.0 5.4 
501 66.0 1.4 52.2 0.6 76.4 3.9 
Sapwood of silver maple contained more moisture than 
heartwood (Tables 5 and 6). The moisture content of wound 
heartwood was extremely variable ; values ranged from those 
found for heartwood to ones much higher than for sapwood. 
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Table 4. Statistical analysis of the means from Table 3 
(t values3) 
Tree Sapwood Wound heartwood Wound heartwood 
number versus versus versus 
heartwood heartwood sapwood 
513 4.69** 9.90*** 8.24*** 
514 3.06* 7.08*** 7.06*** 
504 5.32*** 7.70*** 5.07*** 
501 20.98*** 13.55*** 5.57*** 
^Statistically significant at the 5 percent level, *; 
at the 1 per cent level, **; at the 0.1 per cent level, ***. 
Spokes of wound heartwood in silver maple varied from If to 
2jf inches in radial length. The inch-long samples from trees 
596 and 598 were taken at various radial depths. For tree 
600, two samples were taken from the outer part of the spoke, 
two from the inner part and one from the center. Values 
for the outer two samples were much above those for sapwood 
while values for the inner two were in the heartwood range. 
The center sample gave a value intermediate between sapwood 
and heartwood. Sapwood samples for tree 600 were taken from 
similar depths but failed to show the variability exhibited 
by the wound heartwood. The transformation from sapwood to 
wound heartwood apparently causes the inner sapwood to lose 
moisture while the outer sapwood increases in moisture content. 
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Table 5. Moisture content of the sapwood, heartwood and 
wound heartwood of silver maple (per cent of 
dry weight) 
Sapwood Heartwood Wound heartwood 
Average Sample Average Sample Average Sample 
percent- stand- percent- stand- percent- stand-
age dry ard age dry ard age dry ard 
Tree weight devia- weight devia- weight devia-
number tion tion tion 
597 81.8 1.2 42.7 4.6 131.5 5.7 
600 81.3 2.7 51.5 2.0 70.1 21.1 
596 78.6 3.4 64.0 6.9 80.9 29.1 
598 80.4 2,2 53.7 4.2 63.2 17.8 
Table 6. Statistical analysis of the means from Table 5 
(t values^) 
Tree 
number 
Sapwood 
versus 
heartwood 
Wound heartwood 
versus 
heartwood 
Wound heartwood 
versus 
sapwood 
597 16.54*** 25.04*** 16.80*** 
600 19.76*** 1.93 1.15 
596 4.25** 1.26 0.18 
598 12.68*** 1.16 2.13 
^Statistically significant at the 1 per cent level, **; 
at the 0.1 per cent level, ***. 
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To test this hypothesis further, all wound heartwood samples 
for tree 597 were taken from the outer 1 inch of five dif­
ferent spokes. Variability decreased markedly and the 
moisture content was significantly higher than for either 
sapwood or heartwood. 
Black walnut wound heartwood was significantly higher 
in moisture than either sapwood or heartwood (Tables 7 and 8). 
Heartwood of tree 21, cut on September 23, had a higher 
moisture content than did sapwood. Tree 29, cut on July 30, 
showed no significant difference between sapwood and heart-
wood. A possible explanation for this difference between 
trees could be related to available soil moisture. Rainfall 
had been plentiful until the middle of July, but little rain 
fell from then until tree 21 was cut. 
Table 7. Moisture content of the sapwood, heartwood and 
wound heartwood of black walnut(per cent of dry 
weight) 
Sapwood Heartwood Wound heartwood 
Average Sample Average Sample Average Sample 
percent- stand- percent- stand- percent- stand-
age dry ard age dry ard age dry ard 
Tree weight devia- weight devia- weight devia-
number tion tion tion 
29 80.9 3.6 81.9 6.1 149.6 8.8 
21 61.6 2.6 78.9 2.1 111.3 9.0 
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Table 8. Statistical analysis of the means from Table 7 
(t values3) 
Sapwood Wound heartwood Wound heartwood 
Tree versus versus versus 
number heartwood heartwood sapwood 
29 0.32 14.15*** 16.14*** 
21 11.38*** 7.80*** 11.80*** 
^Statistically significant at the 0.1 per cent level, ***. 
Reaction to PeClg solution 
White oak heartwood and the wound heartwood-sapwood 
interface reacted with FeClg to give a bluish-black color. 
Sapwood was light grey-blue and wound heartwood somewhat 
darker grey-blue. The difference in color intensity between 
sapwood and wound heartwood is assumed to be due to the dis­
similarity in background coloration. Little difference in 
color was observed between the sapwood, heartwood and wound 
heartwood of silver maple when PeClg was applied. The sap-
wood and wound heartwood of black walnut stained a blue color 
while the heartwood appeared blue-black. Although microscopic 
examination revealed that wound heartwood of all three 
species contained more dark gums than heartwood, the former 
appears to contain less tannin. 
Moisture content of test samples 
The percentage of moisture-free wood of the samples used 
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for water and 1 per cent caustic soda solubility tests was 
determined (Table 9). The values were all similar and no 
consistent differences between wood types existed. 
Table 9. Percentage of moisture-free wood of the samples 
used for water and 1 per cent caustic soda 
solubility tests 
Species 
Tree 
number Sapwood Heartwood Wound heartwood 
White 513 92.92 93.94 94.09 
oak 
504 92.39 91.97 92.39 
Silver 600 93.88 93.69 92.95 
maple 
596 93.46 92.90 92.66 
Black 29 93.03 92.75 92.43 
walnut 
21 93.40 93.55 93.90 
Sieve analyses 
The percentage of particles in each size class of the 
samples used for water and 1 per cent caustic soda solu­
bility tests was determined (Table 10). Although consider­
able random differences were noted between different wood 
types, any effect due to particle size was not significant 
enough to be observed in the results of the water and 1 per 
cent caustic soda solubility tests. 
Table 10. Sieve analysis of the samples used for water and 1 per cent caustic 
soda solubility tests 
Species 
Tree 
number 
Wood Mesh size, percentage in each size 
Total type 35 60 80 100 100 
Sapwood 0.1 46.3 19.1 7.7 26.7 99.9 
White 513 Heartwood 0.1 63.1 10.8 6.9 19.1 100.0 
oak Wound heartwood 0.0 46 . 6 15.7 10.8 26.9 100.0 
Sapwood 0.2 67.3 10.0 6.1 16.4 100.0 
504 Heartwood 0.4 64.7 12.6 5.8 16.5 100.0 
Wound heartwood 1.1 61.8 12.6 6.0 18.5 100.0 
Sapwood 0.1 64.3 13.2 6.7 15.7 100.0 
Silver 600 Heartwood 0.0 62.1 12.1 7.4 18.4 100.0 
maple Wound heartwood 0.0 58.0 14.4 8.8 18.8 100.0 
Sapwood 0.0 51.5 16.4 7.5 24.6 100.0 
596 Heartwood 0.1 51.0 15.1 10.1 23.9 100.2 
Wound heartwood 0.2 59.9 10.9 8.2 20.7 99.9 
Sapwood 0.0 60.7 13.2 7.8 18.3 100.0 
Black 29 Heartwood 0.0 53.6 20.0 7.4 19.0 100.0 
walnut Wound heartwood 0.0 51.9 19.0 7.3 21.8 100.0 
Sapwood 0.3 65.6 17.5 6.1 10.5 100.0 
21 Heartwood 0.3 67.5 18.5 4.5 9.2 100.0 
Wound heartwood 0.2 59.2 21.9 5.9 12.8 100.0 
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Ash analyses 
The ash content of white oak wound heartwood was approxi­
mately twice that of sapwood and thrice that of heartwood 
(Tables 11 and 12). The sapwood of silver maple had the low­
est ash content followed by the heartwood and wound heart-
wood (Tables 13 and 14). The ash content of sapwood and 
heartwood of black walnut were approximately equal while the 
wound heartwood was twice the other wood types (Tables 15 and 
16). Past comparisons of the ash content of sapwood and 
yeartwood of a variety of species show great variation and 
no generalizations can be made. Heartwood has been reported 
to have a higher mineral content in five of six hardwoods 
tested (Freeman and Peterson, 1941). Other analyses, even 
of the same species, indicate that heartwood is lower in 
mineral content (Ritter and Fleck, 1923 ; Forest Products 
Laboratory, 1952). Determinations of ash content of black 
walnut and silver maple sapwood and heartwood were not found 
in previous reports. The ash content of white oak sapwood has 
been reported to be higher than for the heartwood (Ritter and 
Fleck, 1923 ; Forest Products Laboratory, 1952). The dis­
colored wood of sugar maple has been reported to have a higher 
mineral content than the surrounding bright wood (Scheffer, 
1954; Good ejb al., 1955). Two explanations for the high 
mineral content of wound heartwood are offered. First, miner­
als may be translocated into the wounded area to act as 
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prosthetic groups in cells whose metabolism is greatly in­
creased. An alternative explanation is that wound heartwood 
may act as a wick. Moisture undoubtedly evaporates from the 
surface of the borer hole. As the xylary fluid evaporates, 
its dissolved minerals would be precipitated, thereby in­
creasing the mineral content of the wound heartwood. 
Table 11. Ash as a percentage of moisture-free sapwood, 
heartwood and wound heartwood of white oak 
Sapwood Heartwood Wound heartwood 
Average Sample Average Sample Average Sample 
Tree ash per- standard ash per- standard ash per- standard 
number centage deviation centage deviation centage deviation 
513 0.44 0.01 
514 0.57 0.02 
0.30 0.01 
0.52 0.01 
1.17 0.02 
1.16 0.01 
504 1.01 0.04 
501 0.59 0.01 
0.42 0.01 
0.30 0.02 
1.64 0.06 
1.01 0.01 
Table 12. Statistical 
(t values3) 
analysis of the means from Table 11 
Tree 
number 
Sapwood 
versus 
heartwood 
Wound heartwood 
versus 
heartwood 
Wound heartwood 
versus 
sapwood 
513 
514 
19.74*** 
2.50 
71.08*** 
56.77*** 
56.58*** 
37.30*** 
504 
501 
24.43*** 
9.59* 
33.18*** 
35.18*** 
14.74*** 
29.69** 
^Statistically significant at the 5 per cent level, * ; 
at the 1 per cent level, **; at the 0.1 per cent level, ***. 
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Table 13. Ash as a percentage of moisture-free sapwood, 
heartwood and wound heartwood of silver maple 
Sapwood Heartwood Wound heartwood 
Average Sample Average Sample Average Sample 
Tree ash per- standard ash per- standard ash per- standard 
number centage deviation centage deviation centage deviation 
597 0.49 0.02 0.73 0.01 1.34 0.01 
600 0.32 0.02 0.47 0.02 1.15 0.00 
596 0.38 0.02 0.49 0.01 0,60 0.03 
598 0.41 0.02 0.41 0.00 0.50 0.03 
Table 14. Statistical analysis of the means from Table 13 
(t valuesa) 
Tree 
number 
Sapwood 
versus 
heartwood 
Wound heartwood 
versus 
heartwood 
Wound heartwood 
versus 
sapwood 
597 13.85** 61.00*** 49.05*** 
600 6.71* 39.24*** 47.89*** 
596 8.52** 5.74** 8.18** 
598 0.00 4.81* 3.80 
^Statistically significant at the 5 per cent level, * ; 
at the 1 per cent level, **; at the 0.1 per cent level, ***. 
101 
Table 15. Ash as a percentage of moisture -free sapwood, x 
heartwood and wound heartwood of black walnut 
Sapwood Heartwood Wound heartwood 
Average Sample Average Sample Average Sample 
Tree ash per- standard ash per- standard ash per- standard 
number centage deviation centage deviation centage deviation 
29 0.44 0.01 0.44 0.02 0.91 0.01 
21 0.45 0.00 0.42 0.01 0.75 0.01 
Table 16. Statistical analysis of the means from Table 15 
(t values3) 
Tree Sapwood Wound heartwood Wound heartwood 
number versus versus versus 
heartwood heartwood sapwood 
29 0.00 34.73*** 51.70*** 
21 3.00 29.95** 61.0*** 
^Statistically significant at the 1 per cent level, **; 
at the 0.1 per cent level, ***. 
Solubility in cold water 
The heartwood of white oak and black walnut had a higher 
solubility in cold water than did sapwood while the reverse 
occurred in silver maple (Tables 17 and 18). The figures 
for white oak are similar to those previously reported by 
Ritter and Fleck (1923) showing the sapwood to be less sol­
uble than the heartwood. However, in another study the 
solubility of sapwood was higher than the solubility of heart 
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wood for six hardwood species, one of which was sugar maple 
(Freeman and Peterson, 1941). The very dark heartwood of 
white oak and black walnut apparently contains enough gum. 
tannin and pigments to make it more soluble than the sapwood. 
The wound heartwood of these two species, which is darker 
than the heartwood and by visual examination appears to con­
tain more water soluble compounds, was less soluble than 
either sapwood or heartwood. The solubility of silver maple 
wound heartwood was higher than that found for heartwood and 
lower (one of two trees) than that found for sapwood. The 
reason why wound heartwood should be less soluble than sap-
wood for all three species and less soluble than heartwood 
for white oak and black walnut is unknown. 
Table 17. Cold-water solubility of sapwood, heartwood and 
wound heartwood of white oak, silver maple and 
black walnut 
Sapwood Heartwood Wound heartwood 
Aver- Sample Aver- Sample Aver- Sample 
age per stand- age per stand- age per stand-
Tree cent ard de- cent ard de- cent ard de-
Species no. soluble viation soluble viation soluble viation 
White 513 4.1 0.1 4.7 0.2 2.9 0.2 
oak 504 5.4 0.1 5.4 0.2 3.7 0.2 
Silver 600 2.0 0.1 1.4 0.0 2.1 0.1 
maple 596 2.6 0.2 1.1 0.2 1.3 0.1 
Black 29 3.9 0.1 4.6 0.1 3.2 0.3 
walnut 21 3.9 0.1 4.3 0.0 2.0 0.0 
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Table IS. Statistical analysis of the means from Table 17 
(t values3) 
Sapwood Wound heartwood Wound heartwood 
Tree versus versus versus 
Species no. heartwood heartwood sapwood 
White 513 4.77** 12.73*** 13.80*** 
oak 504 0.0 11.78*** 13.90*** 
Silver 600 14.70*** 8.49*** 1.22 
maple 596 18.37*** 2.00 11.63*** 
Black 29 7 . 7 7 * * *  7.48*** 3.37* 
walnut 21 4.00 58.67*** 19.00* 
^Statistically significant at the 5-per cent level, *; 
at the 1 per cent level, **; at the 0.1 per cent level, ***. 
Solubility in hot water 
The same pattern of solubility observed for cold water 
was observed for hot water (Tables 19 and 20). Heartwood of 
white oak and black walnut was more soluble than either sap-
wood or wound heartwood. A previous comparison of the solu­
bility of white.oak sapwood and heartwood in hot water is in 
agreement with these data (Ritter and Fleck, 1923). The com­
pound whose solubility is increased the most by increasing 
the temperature of water is starch* Sapwood should, therefore, 
have a higher degree of solubility in hot water than heart-
wood, or at least the increase in solubility should be greater. 
Neither was found to be the case with these two species. Ap­
parently the factors which cause wound heartwood to be less 
soluble in cold water than either sapwood or heartwood also 
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caused it to be less soluble in hot water. The wound heart-
wood of silver maple is intermediate in solubility, sapwood 
being more soluble and heartwood being less soluble. 
Table 19. Hot-water solubility of sapwood, heartwood and 
wound heartwood of white oak, silver maple and 
black walnut 
Sapwood Heartwood Wound heartwood 
Tree Average Sample Average Sample Average Sample 
num- percent stand- percent stand- per cent stand-
Species ber soluble ard de- soluble ard de- soluble ard de-
viation viation viation 
White 513 5.3 0.2 6.5 0.2 3.7 0.2 
oak 504 6.3 0.1 8.3 0.1 4.5 0.1 
Silver 600 3.1 0.2 1.5 0.1 2.8 0.1 
maple 596 3.7 0.2 1.8 0.1 2.4 0.2 
Black 29 5.5 0.2 5.9 0.2 3.8 0.4 
walnut 21 5.5 0.1 5.5 0.1 3.0 0.0 
Table 20. Statistical analysis of the means from Table 19 
(t values3) 
Sapwood Wound heartwood Wound heartwood 
Tree versus versus versus 
Species number heartwood heartwood sapwood 
White 513 9.07*** 13.61*** 14.82*** 
oak 504 23.00*** 43.70*** 18.00*** 
Silver 600 14.82*** 20.14*** 3.45* 
maple 596 16.78*** 4.03** 9.19*** 
Black 29 2.95* 10.40*** 8.59*** 
walnut 21 0.73 24.15** 49.00*** 
^Statistically significant at the 5 per cent level, *; 
at the 1 per cent level, **; at the 0.1 per cent level, ***. 
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Solubility in 1 per cent caustic soda 
Solubility in 1 per cent caustic soda paralleled that 
found for hot and cold water (Tables 21 and 22). Ritter and 
Fleck (1923) have reported similar solubilities for .white oak 
sapwood and heartwood. None of the three wood types of the 
three species exhibited solubility values high enough to in­
dicate any appreciable amount of decay. Wound heartwood, 
the tissue thought most likely to be decayed, had the lowest 
solubility except for silver maple where the solubility of 
wound heartwood was intermediate between sapwood and heart-
wood. Most of the lignin fraction of wood is soluble in 1 
per cent caustic soda, which accounts for the increase in 
magnitude of these values compared with those obtained for 
water solubility. Differences in solubility in 1 per cent 
caustic soda between wood types were similar in magnitude to 
those found for water solubility. This is probably due to 
the same wood components. 
Table 21. One per cent caustic soda solubility of sapwood, 
heartwood and wound heartwood of white oak, silver 
maple and black walnut 
Sapwood Heartwood Wound heartwood 
Tree Average Sample Average Sample Average Sample 
num- percent stand- percent stand- percent stand-
Species ber soluble ard de- soluble ard de - soluble ard de­
viation viation viation 
White 513 17.8 1.2 19.4 0.2 16.9 0.2 
oak 504 19.8 0.2 21.2 0.2 18.1 0.5 
Silver 600 15.7 0.2 14.4 0.3 15.0 0.2 
maple 596 20.2 0.5 18.1 0.3 19.3 0.1 
Black 29 20.7 0.3 22.4 0 .2  19.9 0 .3  
walnut 21 19.5 0.1 19.9 0.3 17.6 0.1 
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Table 22. Statistical analysis of the means from Table 21 
(t values3) 
Tree Sapwood Wound heartwood Wound heartwood 
num­ versus versus versus 
Species ber heartwood heartwood sapwood 
White 513 2.59* 18.90*** 1.46 
oak 504 9.00*** 12.03*** 6.65** 
Silver 600 6.18** 2.91* 4.27** 
maple 596 7.27*** 9.07*** 3.42* 
Black 29 8.13*** 11.69*** 3.48* 
walnut 21 2.04 8.43* 15.95*** 
^Statistically significant at the 5 per cent level, * ; 
at the 1 per cent level, **; at the 0.1 per cent level, ***. 
Determination of pH 
Application of acid-base indicators to freshly cut disks 
delimited pH of each wood type (Table 23). Methyl orange 
when applied to white oak resulted in the most distinctive 
and easily read color changes (Figures 52 and 53). From the 
resulting color differences, the pH of white oak heartwood 
was 2.5-3.5; sapwood, between 4 and 5 and wound heartwood, 
above 4. Use of color indicators to determine pH of the dif­
ferent wood types in silver maple and black walnut was not as 
informative. All three wood types of silver maple appeared to 
be in the 4-5 pH range. The pH of all black walnut woods was 
above 4. 
Table 23. Color changes of acid-base indicators due to pH differences in the 
sapwood, heartwood and wound heartwood of white oak, silver maple and 
black walnut 
Indicator 
Methyl Methyl Bromphenol Bromcresol Methyl 
Species Wood type violet orange blue green red 
White Sapwood violet yellow blue - a red 
oak Heartwood violet red yellow - a red 
Wound heartwood violet yellow blue - a - a 
Silver Sapwood violet yellow blue - a red 
maple Heartwood violet yellow blue - a red 
Wound heartwood violet yellow blue - a red 
Black Sapwood not used yellow ~ a not used - a 
walnut Heartwood not used yellow - a not used — ci 
Wound heartwood not used yellow - a not used — cl 
aColor of indicator after application was impossible to discern. 
Figure 52. Freshly cut disk of white oak stained with methyl 
orange 
Figure 53. Freshly cut disk of white oak stained with methyl 
orange ; heartwood (A), sapwood (B), "normal" 
heartwood impregnated with wound heartwood 
metabolites (C) and wound heartwood (D) 
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By using solubility filtrates white oak heartwood was 
shown to be more acidic than either sapwood or wound heart-
wood, and sapwood was more acidic than wound heartwood (Table 
24). This coincided with the information obtained from the 
use of indicators on fresh wood. Black walnut followed a 
similar pattern except that hot water filtrates of sapwood 
and heartwood had the same pH value. Sapwood of silver maple 
was the most acidic, followed by the heartwood and wound 
heartwood. In all cases hot water filtrates were more acidic 
than cold water filtrates. In general, the lower the pH 
value of a filtrate, the greater was its solubility in cold 
and hot water and 1 per cent caustic soda. The cause and ef­
fect relationship is unknown. The mineral content of each 
wood type correlates even more closely with pH values, a high 
pH and a high mineral content being in common with each other. 
A similar relationship between mineral content and pH was 
noted for stained wood of sugar maple (Good ejt al., 1955). 
Biological Comparisons 
Trichodermalignorum (Tode) Harz and Graphium sp. were 
frequently isolated from'sapwood, heartwood and wound heart-
wood of white oak (Table 25). Paecilomyces varioti Bain and 
Nigrospora sp. appeared in sapwood and wound heartwood re­
spectively. T. lignorum has been previously reported from 
decayed heartwood and P. varioti from heartwood and wound 
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Table 24. The pH values of cold and hot water filtrates of 
sapwood, heartwood and wound heartwood from white 
oak, silver maple and black walnut 
Species 
Tree 
number Sapwood Heartwood 
Wound 
heartwood 
cold 6 « 7 5.0 6.9 
White 513 hot 5.4 4.4 6.0 
oak cold 6.3 4.7 6.6 
504 hot 5.1 4.0 5.7 
cold 6.5 7.2 7.0 
Silver 600 hot 5.8 6.6 6.8 
maple cold 6.3 6.5 7.0 
596 hot 5.5 5.6 6.0 
cold 6.5 6.1 6.7 
Black 29 hot 5.2 5.2 5.9 
walnut cold 6.3 5.5 6.9 
21 hot 5.2 5.2 6.0 
heartwood of oak (Davidson and Vaughn, 1942). The latter 
species has been reported as the cause of "yellow stain" in 
hardwood timbers and as the cause of a yellow stain of oak 
timber during the kiln-drying process (Raper and Thorn, 1949). 
Nigrospora sp. has been reported from the wound heartwood of 
numerous species of hardwoods (Toole and Gammage, 1959). 
Alternaria tenuis Nees, Paecilomyces varioti Bain, 
Verticillium sp. and Cephelosporium sp. were frequently iso­
lated from sapwood and wound heartwood of silver maple (Table 
26). Gliocladium roseum (Link) Bainer was isolated only from 
heartwood. Corticium venereum Ell. and Crag, was isolated 
from both heartwood and wound heartwood and Chalara sp. from 
wound heartwood. Ç. vellereum has been reported as a frequent 
inhabitant of silver maple heartwood (Eslyn, 1962). 
Table 25. Fungi isolated from sapwood, heartwood and wound heartwood of white oak 
Wood Treatment of in-
type oculum block 
Tree number 
513 514 501 
untreated 
untreated 
sap- surface 
wood sterilized 
surface 
sterilized 
untreated 
untreated 
heart-
wood surface 
sterilized 
surface 
sterilized 
none 
Trichoderma lignorum 
Nigrospora sp. 
none 
T. lignorum and 
Graphium sp. 
T. lignorum 
none 
none 
Trichoderma lignorum 
none 
none 
none 
T. lignorum and 
Graphium sp. 
T. lignorum and 
Graphium sp. 
none 
none 
- a 
none 
none 
none 
none 
none 
none 
none 
untreated 
untreated 
wound 
heart-
wood surface 
sterilized 
surface 
sterilized 
T. lignorum and 
Graphium sp. 
T. lignorum and 
Graphium sp. 
T. lignorum 
T. lignorum 
T. lignorum and 
Graphium sp. 
T. lignorum and 
Graphium sp. 
T. lignorum and 
Graphium sp. 
T. lignorum and 
Graphium sp. 
Paecilomyces 
varioti 
none 
none 
none 
aNot identified. 
Table 26- Fungi isolated from sapwood, heartwood and wound heartwood of silver 
maple 
Wood Treatment of in-_ 
type oculum block 
Tree number 
597 600 596 598 
Sap-
wood 
untreated 
untreated 
surface ster­
ilized 
surface ster­
ilized 
- a none 
Verticillium sp. - a 
none none 
none none 
- a paecilomyces varioti 
Alternaria tenuis Cephelospo-
num sp. 
none 
none 
none 
none 
Heart-
wood 
untreated 
untreated 
Surface ster­
ilized 
Surface ster­
ilized 
Corticium vellereum Gliocladium 
C. vellereum 
C. vellereum 
C. vellereum 
roseum 
G. roseum 
none 
_ a 
none Gliocladium 
roseum 
none G. roseum 
none G. roseum 
none G. roseum 
Wound 
heart-
wood 
untreated 
untreated 
surface ster­
ilized 
surface ster­
ilized 
Verticillium sp. 
Verticillium sp. 
Verticillium sp. 
C. vellereum 
Verticillium sp. 
Chalara sp. A. tenuis Cephelosporium sp, 
Chalara sp. A. tenuis Cephelosporium sp 
Chalara sp. P. varioti Cephelosporium sp 
Chalara sp. - a Cephelosporium sp 
aNot'identified. 
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The fungus most frequently encountered in black walnut 
was a sterile and hence unidentifiable form (Table 27). It 
occurred in all three wood types. Verticillium sp. was iso­
lated from both heartwood and wound heartwood and a Cephelo-
sporium was found from one sapwood sample. 
Table 27. Fungi isolated from sapwood, heartwood and wound heartwood of black 
walnut 
Wood Treatment of Tree number 
type inoculum block 29 21 
untreated _ a none 
untreated none Cephelosporium sp. and a 
sapwood 
surface sterilized none none 
surface sterilized none none 
untreated none - a 
untreated none ~ a 
heartwood 
surface sterilized — 3, none 
surface sterilized Verticillium sp. none 
untreated Verticillium sp. _ a 
untreated Verticillium sp. Verticillium sp. and a 
wound 
heart- surface sterilized Verticillium sp. none 
wood surface sterilized Verticillium sp. Verticillium sp. 
aNot identified. 
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DISCUSSION AND CONCLUSIONS 
On the basis of the four traditional criteria for 
separating sapwood from heartwood -- color, and the presence 
or absence of living cells, starch grains and tyloses --
Wound heartwood is very similar to normal heartwood. Wound 
heartwood is dark in color and devoid of living cells and 
starch grains. The development of tyloses and gum plugs is 
intermediate between sapwood and heartwood. Only in the de­
velopment of copious amounts of wound gum in ray parenchyma 
cells does wound heartwood differ greatly from normal heart-
wood. 
Chemical comparisons between heartwood and wound heart-
wood reveal that these two wood types are quite different 
from one another. Wound heartwood is higher in moisture and 
ash content and is more alkaline. It differs significantly 
from heartwood in its solubility in cold and hot water, and 
1 per cent caustic soda. White oak and black walnut wound 
heartwood are less soluble in these materials while wound 
heartwood of silver maple is more soluble. Formation of 
wound heartwood appears different from the normal conversion 
of sapwood into heartwood, the former caused by some exter­
nal stimulus and the latter the result of aging. 
No single fungus was isolated more than once from the 
sapwood of the same tree. Only one plate containing sur­
face sterilized chips yielded a fungus. Fungi do not appear 
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to be normal inhabitants of the sapwood of these three hard-
wods. Fungi were not commonly isolated from the heartwood 
of white oak or black walnut. Corticium vellereum and 
Gliocladium roseum appear to be common inhabitants of silver 
maple heartwood. No single fungal species was consistently 
isolated from the wound heartwood of any species. However 
the wound heartwood of every tree was colonized by one or 
two fungi. Wound heartwood appears to be a selective en­
vironment which is frequently colonized by a small group of 
Fungi Imperfecti. The discoloration associated with physical 
wounding of the sapwood appears to be physiological in origin 
although part of the staining may be due to the presence of 
certain fungi. 
The primary functions of the bole of the tree are trans­
location of minerals and water (sap), insuring necessary 
strength to maintain the tree upright, and providing for the 
storage of reserve food. These functions have a bearing on 
the significance of heartwood formation. 
When a tree is young the wood (xylem tissue) that ac­
cumulates each year continues to perform all the functions 
listed in the preceding paragraph. During the time that the 
young wood remains sapwood it is actively engaged in the 
metabolic activities of the whole organism. A portion of 
the tissue remains alive and is in continuous physiological 
118 
communication with other living parts. As the bole increases 
in diameter some unknown physiological stimulus causes the 
living cells in the innermost sapwood to die. This core of 
dead tissue, which will gradually increase in size, is called 
heartwood. The tree no longer utilizes this wood for the 
transportation and storage of materials. The heartwood is 
of permanent value to the tree, however, as it serves to 
support the crown. 
Death of living parenchyma cells, as sapwood is trans­
formed into heartwood,is preceded by a period of rapid 
metabolic activity. By chemical pathways still to be de­
scribed, various organic compounds are formed. The number 
and variety of these compounds is unknown, but most fall in 
the categories of tannins, gums, resins, salts of organic 
acids and other various extractives. Reserve starch seems 
to be the primary precursor to most of these compounds. 
Tannins, dark colored phenolic compounds, are the primary 
conversion product of starch. Upon the death of the cell 
the protoplasm loses its differential permeability, allowing 
these extractives to escape and permeate the surrounding 
tissues. The same stimulus which initiates the breakdown of 
starch in many hardwoods also causes the ray parenchyma cells 
to grow and protrude through the ray-vessel pits in the form 
of tyloses. 
The formation of normal heartwood is a somewhat unique 
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type of senescence in the biological world in that senescence 
of one part of the organism is beneficial to the organism as 
a whole. The dead wood remains of permanent value to the 
tree but no further expenditure of energy is made on its be­
half. The starch, which if left intact would cause the wood 
to be susceptible to insect and fungal attack, has been 
transformed into effective pesticides. The movement of mois­
ture and air has been greatly inhibited by the presence of 
tyloses and their associated extractives. Death of living 
material usually results in its rapid decay. This unique 
type of senescence prevents rapid decomposition and protects 
the outer living parts from loss of water towards the interi­
or. The protection given to the heartwood is not permanent 
but gradually declines until saprophytic organisms can become 
established. Trees that produce heartwood would appear to 
have an advantage over those that do not. This trait, like 
so many others in the biological world, has been favored by 
evolution. Living sapwood is protected against deterioration 
by its high water and low air content. Upon death these 
physiological barriers disappear and the sapwood with its 
high food content is readily attacked by numerous organisms. 
The formation of wound heartwood, and probably other 
forms of pathological heartwood including mineral stain, is 
functional to the tree for preventing susceptibility to at­
tack by organisms. Normal heartwood formation, achieved by 
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an apparently different sequence of chemical events, serves 
to prevent future injury. The common reaction of herbaceous 
tissue to wounding, the formation of a cork layer to limit 
additional damage, is not possible in woody tissue. The 
liklihood of future harm is reduced by converting surplus 
starch into substances with some pesticidal potential. 
Heartwood, and possibly wound heartwood, appears to 
form by a different sequence of events in silver maple. 
Sapwood-wound heartwood comparisons were similar for all 
three species. This indicates that silver maple heartwood, 
white oak and black walnut heartwood and the wound heartwood 
of all three species are each formed by a different series 
of events. The formation of wound heartwood results as a 
reaction to wound hormones produced by the living cells ac­
tually damaged by the wounding agent. Certain reactions oc­
cur resulting in local necrosis. The nature of the wounding 
stimulus is probably immaterial, similar reaction chains be­
ing produced by any deleterious agent. A previous sugges­
tion has been made that these reactions are a group of defense 
reactions basically similar (Jorgensen, 1961). The formation 
of wound heartwood in the three species studied and the de­
velopment of mineral stain in hard maple are similar. 
What areas seem most fertile for future research? Dif­
ferences in mineral content and pH are the most striking 
chemical dissimilarities between heartwood and wound heart-
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wood. An explanation of these differences would be desirable. 
The most prominent morphological difference between heart-
wood and wound heartwood is the relative scarcity of gums in 
the former and their abundance in the latter. Are these 
gums, which are so common in tissue of pathological origin, 
due to the rapid death of the living cells or would they be 
converted into other compounds if the cells were allowed to 
die a more gradual death, as during the sapwood-heartwood 
transformation? The resistance of wound heartwood and other 
types of pathological heartwood to attack by insects and fun­
gi should be compared to that of heartwood. If the former 
does exhibit resistance, the chemical nature of the compounds 
responsible should be ascertained and compared with known 
heartwood material demonstrating the same qualities. 
The apparent similarity between pathological heartwood 
formation and the discolorations resulting from wilt organisms 
would be worthy of additional investigation. Studies of dif­
ferent types of pathological heartwood and other discolora­
tions of a pathological origin may supply valuable data for a 
better understanding of many host-parasite relationships, 
particularly those of a defensive nature. If the type and 
amount of pathological heartwood is genetically determined, 
additional studies may provide tools for better disease-
resistant breeding of forest trees. 
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According to present knowledge, wound heartwood forma­
tion is different from the normal conversion of sapwood into 
heartwood. The former is the result of a pathological stimu­
lus, the latter of aging. A study of the formation of normal 
heartwood via the wound heartwood route, which has been sug­
gested, does not seem prudent. Attempts to obtain heartwood 
in young trees or other non-heartwood trees by injury to the 
sapwood should be viewed with caution. The heartwood pro­
duced in such cases may only superficially resemble the normal 
heartwood for that species. 
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SUMMARY 
Morphological, chemical and biological comparisons of 
sapwood, heartwood and wound heartwood of white oak, silver 
maple and black walnut were conducted. Color of wound heart-
wood varied from heartwood to slightly darker than heartwood. 
Neither heartwood nor wound heartwood contained either living 
cells or starch grains whereas both of these occurred in sap-
wood. Gummosis was more prevalent in ray parenchyma of wound 
heartwood than in heartwood. All three wood types of white 
oak contained tyloses. The heartwood of silver maple and 
black walnut contained numerous gum plugs and tyloses re­
spectively. Wound heartwood of these two species was usually 
devoid of these structures although gum plugs in silver maple 
wound heartwood and tyloses in black walnut wound heartwood 
were noted. 
The moisture content of wound heartwood was more vari­
able than that of sapwood and heartwood, and tended to be 
higher. The pH and mineral content of wound heartwood were 
consistently higher than for sapwood and heartwood. Cold- and 
hot-water, and 1 per cent caustic soda solubilities of wound 
heartwood of white oak and black walnut were significantly 
lower than those found for sapwood and heartwood. The solu­
bility of silver maple wound heartwood is intermediate between 
sapwood and heartwood. 
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No single fungus was consistently isolated from wound 
heartwood of any species. Wound heartwood appears to be a 
selective environment frequently colonized by a small group 
of Fungi Imperfecti. The discoloration associated with physi­
cal wounding of the sapwood appears to be physiological in 
origin although part of the staining may be due to the presence 
of certain fungi. 
Wound heartwood is morphologically similar to but chem­
ically different from normal heartwood. It can not be con­
sidered a precocious development of normal heartwood. In­
stead, it is a defense reaction which affords a certain amount 
of protection against further injury. 
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